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Background: The neonatal intensive care unit (NICU) contains a unique cohort of patients with 20 underdeveloped immune systems and nascent microbiome communities. Patients often spend 21 several months in the same room and it has been previously shown that the gut microbiomes of 22 these infants often resemble the microbes found in the NICU. Little is known, however, about the 23 identity, persistence and absolute abundance of NICU room-associated bacteria over long stretches 24 of time. Here we couple droplet digital PCR (ddPCR), 16S rRNA gene surveys, and recently 25 published metagenomics data from infant gut samples to infer the extent to which the NICU 26 microbiome is shaped by its room occupants. 27
Results: Over 2,832 swabs, wipes, and air samples were collected from sixteen private-style NICU 28 rooms housing very low birthweight (<1,500 g), premature (<31 weeks' gestation) infants. For 29 each infant, room samples were collected daily, Monday through Friday, for one month. The first 30 samples from the first infant and last samples from the last infant were collected 383 days apart. 31
Twenty-two NICU locations spanning room surfaces, hands, electronics, sink basins, and air were 32 collected. Results point to an incredibly simple room community where 5-10 taxa, mostly skin 33 associated, account for over 50% of 16S reads. Biomass estimates reveal 4-5 orders of magnitude 34 difference between the least to the most dense microbial communities, air and sink basins, 35
respectively. Biomass trends from bioaerosol samples and petri dish dust collectors suggest 36 occupancy to be a main driver of suspended biological particles within the NICU. Using a machine 37 learning algorithm to classify the origin of room samples, we show that each room has a unique 38 microbial fingerprint. Several important taxa driving this model were dominant gut colonizers of 39 infants housed within each room. 40
Conclusions: Despite regular cleaning of hospital surfaces, bacterial biomass was detectable at 41 varying densities. A room specific microbiome signature was detected, suggesting microbes 42 seeding NICU surfaces are sourced from reservoirs within the room and that these reservoirs 43 contain actively dividing cells. Collectively, the data suggests that hospitalized infants, in 44 combination with their caregivers, shape the microbiome of NICU rooms. 45 46 Pseudomonas aeruginosa, and other Enterobacteriaceae), which are also the most frequent cause 62 of nosocomial infections [7] . The relatively sterile preterm infant gut microbiome and the high 63 frequency at which infants are colonized by hospital associated microbes, creates a valuable study 64 setting to better understand how the room microbiome is shaped by its occupants. Here, we 65
conducted an experiment to quantify and characterize NICU room microbes to enable comparison 66 with microbiomes that develop in the premature infant gut 67
The source of early stage gut colonizers in preterm infants has been explored to some extent 68 [8] [9] [10] [11] . In a pilot study, we tracked two infants over the first month of life, collecting samples 69 from room surfaces and infant fecal samples [12] . Using an amplicon-EMIRGE approach, which 70 allows for recovery of full-length 16S rRNA genes (~1500 b) [13] , as opposed to the more common 71
hypervariable region approach (~150-400 b), we detected the same sequences in room samples 72 before they were detected in gut samples. In a much higher resolution genome-resolved 73 metagenomics study we recently showed evidence for the presence of some infant gut associated 74 strains in the NICU room environment and for exchange of those strains between infant and room 75 environments [24] . 76 Recent genomic studies have shown that the vast majority of strains in the premature infant 77 gut are not shared among infants [5] . Nearly 150 strains were recovered from 10 infants' fecal 78 samples and only 4 of these were shared. These samples were collected within a month of each 79
other, suggesting that a multitude of strains are available in the NICU at any given point in time, 80
and only a few strains may be widespread, a conclusion supported by the more recent research 81 [Brooks et al. in revision] . However, a few strains were identified in infant fecal samples collected 82 years apart from different infants housed the same NICU [14] . These were referred to as "persister" 83 strains.
84
A recent study identified 794 antibiotic resistance genes in preterm infant stool samples, 79% 85 which had not previously been classified as associated with resistance [15] . It is possible that these 86 genes provide a competitive advantage for survival in the highly cleaned room environment [16] . 87
However, in our prior work we found that persister strains, which we infer have a room reservoir, 88
were not found to differ significantly in virulence, antibiotic resistance, or metabolism from non-89 persister strains. 90
An important question from the perspective of HAI and microbiome establishment of 91 hospitalized premature infants relates to the diversity and biomass distributions over room 92 environments. To address this knowledge gap, we conducted a study with sixteen infants, whose 93 rooms were sampled Monday through Friday from twenty two room locations. 16S rRNA gene copies were quantified for 2,883 samples using ddPCR and showed day-to-237 day variation ranging from approximately 4 to 33000 16S rRNA copies/cm 2 (Figure 1a ). Samples 238 from the HVAC system had the highest biomass of all types and bioaerosol samples had the lowest 239 (Additional file 3 a and b). Sinks had the highest biomass of the swabbed samples and hands had 240 the lowest average median template count ( Figure 1b The microbial communities in most NICU environments were highly uneven and were 250 dominated by 5-10 OTUs (Figure 2 ). 41% and 55% of all amplicon reads belong to the top five 251 and ten OTUs in the NICU, respectively ( Figure 2 and Table 1 the HVAC had highly even consortia with high diversity. This is expected due to the way that the 263 HVAC sample was collected, with metric tons of air passing through the collection wipe before 264
sequencing [18] . The NICU room air was also found to have low biomass and low diversity, with 265 strong dominance by members of the Aeromonadaceae in the small size fraction and 266
Streptococcaceae, Rhizobiaceae, Clostridiaceae in the large size fraction. 267
All touched surfaces had similar numbers of OTUs per sample, although the surface 268 monitors showed the most unevenness (Additional file 5). These surfaces were dominated by 269 similar groups of microbes. Although many touched surfaces were associated with skin-associated 270 bacteria, gut associated Enterobacteriaceae OTUs also dominated environments such as the surface 271 monitors, counter tops, and scanners ( biomass is apparent in sink samples relative to other swabbed environments. In comparing 280
Shannon diversity across weekdays (Figure 3b ), bacterial diversity in Tuesday versus Friday 281 samples were the most distinct, whereas biomass was most different in Monday versus Thursday 282 samples (Wilcoxon rank sum, Bonferroni adjusted p = 0.47 and 0.012, respectively). Sink basins 283
were cleaned approximately every twenty-four hours, but less frequently on the weekends, so the 284 elevated biomass at the beginning of the week may be due to regrowth of sink adapted taxa 285 throughout the weekend (e.g., Rhizobiaceae, Pseudomonas, Aeromonas, and Enterobacteriaceae). 286
The increase in Shannon diversity from Monday to Friday strengthens this inference. 287 288
3.6 NICU rooms harbor a unique microbial signature 289 290
Using a support vector machine (SVM) classifier with a linear kernel [28], we determined 291 that each room's microbiome contained a unique microbial fingerprint. We could predict the room 292 origins with an overall accuracy of 56% (when we knew the room's origin but withheld that 293 information from the classifier), which is 5x better than random chance (Figure 4 ). The use of 294 ROTU over a standard pipeline achieved an increase in accuracy of approximately 16%. Typically, 295
the most confusion occurred between samples that were collected at similar times, although infants 296 that had similar gut communities had decreased prediction accuracy (e.g. infants 2, 3, and 8 for > 50% of the data at many time points. 318
Episodes of particularly high persister family abundance occurred in rooms housing infants 319 1, 9, 12, and 16. To better visualize which samples contributed to the averaged data (Additional 320 file 8, "average" panel), we also plotted data for the specific environments for which we had the 321 most samples (armrests and sinks). Both the armrests and sinks are dominated by these groups of 322 organisms during these episodes, but Staphylococcaceae OTUs are much more abundant in 323 armrest samples relative to sinks. Two dominant Pseudomonas OTUs that comprised 70% and 324 24% of all Pseudomonadaceae (OTU_8 and OTU_15, respectively) were detected throughout the 325 time series, but were at very low abundance in armrest samples over long time spans. 326 327
Composition of persister taxa in infant 9 328 329
Since the room data for infant 9 had a strong signal for persister groups, we analyzed samples 330 from all environments separately to visualize temporal patterns (Figure 5a The first question that we aimed to answer in this study related to how biomass varies across 352 a NICU. Using ddPCR to quantify 16S rRNA gene copy number, we show biomass density varies 353 across NICU surfaces by 4-5 orders of magnitude ( Figure 1) . Surprisingly, the floor in front of the 354 infant's isolette had the highest density of microbes relative to any other environment within the 355 NICU. Naively, it may seem intuitive that the region with the most foot traffic, e.g. the floor at the 356 main entrance of the NICU, would have the highest biomass. While the main entrance floor has a 357 high density, it is significantly lower than the floor in front of the isolette. This finding may be due 358 to the increased occupancy at the isolette versus the main entrance, where occupancy is more 359 transient. 360
Petri dish data also suggest that higher levels of human activity drive higher amounts of 361 microbial deposition in the room environment. The nursing station has higher petri dish-associated 362 biomass than the infant room, followed by the hallway (Figure 1 ). This outcome occurred despite 363 the fact that the infant room and hallway coolers collected dust at the same height (1 m), whereas 364 the nurse station collector was at approximately double the height (1.8 m). As height above the 365 floor increases, detection of resuspended particles from dust decreases exponentially [32, 33] . This 366 finding suggests that floor dust is not the main source of biological particles accumulated in the 367 petri dishes, but rather the microbes are human-derived. Greater occupancy or rigor of activity 368
[34] at the nursing station compared to the infant room and hallway likely explains this result.
369
A recently published study noted a stronger occupancy signal from the occupancy sensors in 370 the infant room compared to the hallway [18]. The occupancy signal directly overlapped with the 371 coarse particle signal (which detected particles > 10 µm in diameter). This signal was interpreted 372 to indicate that resuspension or deposition of particles from occupants is the largest contributor of 373 aerosolized particles in the NICU. In the current study, our Petri dish ceiling analyses suggest a 374 similar conclusion for settled particles, but in this case based on biological data. 375
If occupancy is a key feature of the NICU environment, one would expect human associated 376 microbes to dominate in most room environments. We found that 5-10 OTUs account for most of 377 the amplicon data and a majority of these are typically skin, nose, or fecal associated (Figure 2 ). 378
The enrichment of human associated taxa is likely due to tight control of the building envelope via 379
HVAC treatment [35] combined with a strict cleaning schedule. 380
An interesting finding of this study related to the change in biomass and microbial 381 community structure of the sink basins over the course of the week. We attribute this pattern to 382 the room cleaning regime, which is more limited on weekend days than during the week. On 383 Mondays, the sink biomass is highest ( Figure 3a ) and communities are relatively uneven ( Figure  384 3b), presumably due to extensive growth of a few sink-associated taxa over the weekend. More 385 intensive cleaning of the sink early in the week likely removes the majority of biomass, which is 386 comprised of the sink-adapted taxa and enables detection of a wider diversity of low abundance, 387 poorly adapted or transient, taxa. 388
The second question addressed in our study related to the taxa that dominate NICU surfaces. 389
To investigate this, it was necessary to adapt a method to eliminate spurious contaminant-based 390 signals in data from low biomass samples [25] . The ROTU cleaning method implemented here to 391 clean data of spurious OTUs and contaminants in silico was made possible due to the availability 392 of ddPCR quantification of negative controls. This capability is particularly important for NICU 393 studies since the rooms are cleaned regularly, causing low biomass levels to be present in many 394 samples. Some of the bacteria that we conclude were introduced in sample processing are skin 395 associated, although many types of taxa were encountered. After accounting for contamination, 396
we conclude that human associated taxa dominate most surfaces. 397
Human associated taxa are likely sourced and trafficked throughout the NICU by healthcare 398 providers [36] and many hand hygiene studies have reported as much [37] . Here, we implemented 399 a machine learning classifier to address the possibility that infants and their caretakers shape the 400 microbiome to be distinctive in each room. Our model reliably classified samples of unknown 401 origin to their correct room-infant pair at an accuracy two times better than a recently published 402 office microbiome study [28] and achieved predictive power five times better than random chance. 403
This outcome suggests that NICU rooms are more personalized than other common built 404 environments. There are typically a larger variety of activities and people in office spaces and air 405 treatment is less (lower air exchange rates and less filtration). The combination of less frequent 406 cleaning, increased occupancy, and more unfiltered outdoor air supply drives many of the 407 differences between other common indoor environments and the NICU. The more unique room 408 signal based on NICU room microbes suggests a localized source of bacteria, since a more diffuse 409 source would lower prediction accuracy. A similar result was recently described in a microbiome 410 study conducted in a Chicago hospital [38] . Microbial community similarity increased between 411 patients' hand and floor samples over time, highlighting the exchange between patient and room. 412
Interestingly, infants in this cohort are rarely removed from their isolettes, so room specific 413 microbiomes were likely mediated by health care providers, rather than direct infant interaction 414 with surrounding room surfaces. 415
Finally, we tested for patterns of association between room occupants and NICU room 416 environments. We found that many taxa driving our machine learning model for the room 417 microbiome were from groups also present in the gut of the infant occupant. Other signals came 418
from Firmicutes and Actinobacteria not affiliated with the infant gut and that were relatively 419 uniquely detected in certain rooms. Focusing on the subset of taxa that are gut colonizers, we show 420 a relatively high abundance of these taxa throughout the sampling campaign (Additional file 8). 421
Episodes where persistent families increase and 2-3 OTUs comprise > 30% of the data across all 422 environments occurred several times throughout the study (e.g., in infants 9, 12, and 16). These 423
OTUs are detected in low abundance in the room before detection in the gut ( Figure 5 ). Once in 424 the infant gut, a far more favorable environment for growth and reproduction than on exposed 425 hospital surfaces, bacterial density can reach nearly 10 billion cells per gram [5] . After a spike in 426 relative abundance in the gut, we see these organisms increase in abundance in the room 427 environment. It is impossible to resolve room 16S rRNA amplicon data to the strain-level in order 428
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